Synthesis of silver (Ag) nanoparticles (NPs) using sustainable chemical methods has drawn significant interest. Here a new route for AgNP formation by using TEMPO-oxidised cellulose nanocrystals (TEMPO-CNCs
Introduction
Gold and silver (Ag) nanoparticles (NPs) have drawn large interest in the last two decades due to their applicability in fields such as biosensing and antimicrobial activity. [1] [2] [3] Performance of NPs relies chiefly on their size, shape and polydispersity upon synthesis. Chemical reduction of metal salts is a popular route to synthesise noble metal NPs. Among the various reducing agents, sodium borohydride (NaBH 4 ) has been reported extensively as one of the most effective and well-understood agents for metal NP synthesis. Once the reducing agent NaBH 4 is added to an aqueous solution of Ag ions, within couple of seconds monomeric Ag particles with diameters in the range 2-3 nm are formed. 4 These monomeric Ag particles initially contain surface-adsorbed borohydride ions, which facilitates dispersion stability owing to electrostatic charges. 4 The inter-particle repulsion diminishes due to reaction between surrounding water molecules and the borohydride ions, thus resulting in the formation of larger particles at the expense of the smaller monomeric particles. 4 As more borohydride ions react with water, larger aggregates of Ag metal are formed. Thus, control of the aggregation and growth of monomeric Ag particles enables synthesis of AgNPs with minimum size dispersion. One of the most popular strategies to control the growth and nucleation process involves the use of surface active species, such as surfactants, carrying nucleophilic head groups. 5 Synthetic polymers with nucleophilic electron donor groups that are capable of donating electron density to the metallic NP can also be used to control the growth and nucleation process during synthesis. For example, polyvinylpyrrolidone and polyvinyl alcohol are commonly used for stabilising AgNPs. 6, 7 Sustainable synthesis of AgNPs can be achieved by using naturally occurring, biodegradable stabilisers and reducing agents. 1, 8, 9 Natural polysaccharides such as cellulose, chitosan, heparin and starch have been used as stabilisers during NP Silver nanoparticle synthesis mediated by carboxylated cellulose nanocrystals Uddin et al. Uddin et al. synthesis. [8] [9] [10] [11] [12] It is believed that the polysaccharides mediate AgNP formation mainly by way of their abundant hydroxyl groups, which can complex the Ag ions through ion-dipole interactions and can also sterically stabilise the AgNP surfaces through nucleophilic interactions with the outer most orbitals of surface metal atoms. 8, 13 The surface charge of AgNPs and the polysaccharides (e.g. in the form of cellulose fibres) are known to play a pivotal role in defining the nature of NP-polysaccharide interactions.
Silver nanoparticle synthesis mediated by carboxylated cellulose nanocrystals
14 A huge advantage of using cellulose fibres as stabilising agent is the ease with which NPs can be separated for further modifications; this is mainly due to the reversible, noncovalent NP-fibre interactions. 8 Rod-like cellulose nanocrystals (CNCs), which are most often derived from acid hydrolysis of wood fibres, have unique chemical and mechanical properties and consist of parallel hydrogenbonded cellulose chains. [15] [16] [17] High specific area of the negatively charged CNCs makes them a good choice for minimising the amount of material used for surface-mediated NP synthesis and additionally endows the system with good water dispersibility that is an advantage in heterogeneous reactions in aqueous media. There have been numerous reports dealing with CNCs for AgNP synthesis; however, there is still lack of a comprehensive mechanistic understanding about the effect of CNC surface chemistry on NP formation. [18] [19] [20] [21] [22] [23] Most often the observed results for AgNP synthesis with CNCs are explained on the basis of indirect evidence in experiments with synthetic polymers or hydrosoluble polysaccharides. In their previous study, the authors demonstrated that the sulfate groups on CNCs produced by sulfuric acid hydrolysis (H 2 SO 4 -CNC) remarkably improve the ability of CNCs to control the size and distribution of AgNPs formed. 24 However, a major limitation of H 2 SO 4 -CNCs is that the surface density of surface sulfate groups can be varied only in the range of ~130-200 µmoles/g since lower or higher values are conducive of CNC aggregation or excessive depolymerisation with the H 2 SO 4 concentration used. 24 In contrast to H 2 SO 4 -CNCs, carboxylfunctionalised CNCs produced by TEMPO oxidation yield anionic group (carboxyl) concentration as high as 1500 µmoles/g. 25 Hence, TEMPO oxidation procedure allows a considerable increase in the concentration range over which the CNC surface charge can be varied and thus allows a wider range of conditions to inquire into the role of surface chemistry in AgNP formation. Here the authors report the effect of carboxyl concentration of CNC as well as its weight per cent on the size distribution of AgNP formed during synthesis. Conductometric titration and dynamic light scattering (DLS) were used to determine the surface charge and hydrodynamic sizes of TEMPO-CNCs, respectively. The CNC surface carboxyl concentration was correlated with the size distribution of AgNP characterised by Ultraviolet-visible (UVvis) spectroscopy and transmission electron microscopy (TEM) imaging. The nucleation controlling capability of TEMPO-CNCs was ascertained by following the intensity of plasmon peak using UV-vis spectroscopy. Overall the authors introduce carboxylated TEMPO-CNCs to control the nucleation and synthesis of AgNP using borohydride reduction.
Materials and methods
Silver nitrate (AgNO3), NaBH 4 , hydrochloric acid (HCl), microcrystalline cellulose (MCC) from cotton linters, TEMPO ((2,2,6,6-tetramethyl-piperidin-1-yl)oxyl), sodium bromide and sodium hypochlorite (NaClO) aqueous solution (15%) were purchased from Sigma-Aldrich Finland (Oy, Finland). Spectra/ por dialysis membrane, MWCO 6000-8000, was purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA). Milli-Q water (MQ) (resistivity 18·2 MΩ) was used for all solution-making purposes.
Cellulose nanocrystals (CNCs)
The CNCs used were prepared by HCl hydrolysis of the MCC using a modified procedure adopted from Montanari et al. 26 Briefly, 10 g of MCC was suspended in 400 ml 2·5 M HCl aqueous solution. Hydrolysis reaction was carried out at a reflux temperature of 105°C for 4 h with continuous magnetic stirring. After cooling to room temperature, the resulting suspension was washed by centrifugation (9000 rpm for 15 min) followed by redispersion in MQ water and washing (2×). After washing, the pellet was suspended in approximately 200 ml MQ water, sonicated for 30 min and dialysed against MQ water until the conductivity dropped below 5 µS/cm. After dialysis, the suspension containing HCl-hydrolysed CNC (HCl-CNC) was sonicated for 30 min and stored in refrigerator until further use.
TEMPO-mediated oxidation of CNCs
TEMPO oxidation was performed using the procedure of Saito et al. after some modifications. 25 HCl-CNC was diluted by adding an appropriate volume of MQ water, until 180 ml volume containing 2g of HCl-CNC. To this HCl-CNC suspension, 20 ml aqueous solution containing TEMPO (30 mg) and sodium bromide (210 mg) was added. The oxidation reaction was started by adding varying volumes of 15% NaClO solution (pH pre adjusted to 10 by adding 1 M HCl) at room temperature for 1 h under stirring at 500 rpm. By varying the volume of NaClO solution added it was possible to control the extent of oxidation or the CNC carboxyl content. 25 The batches of TEMPO-oxidised CNCs (TEMPO-CNCs) obtained with varying carboxyl surface density were denoted as follows, depending on the volume of NaClO (aq) added during TEMPO oxidation: T 0 , T 1 , T 2 and T 3 for 0, 1, 3 and 7 ml NaClO (aq) added. The pH of the reaction mixture was maintained at 10 throughout the oxidation time by adding 0·5 M NaOH. The TEMPO-CNCs were dialysed against MQ water until the conductivity dropped below 5 µS/cm. After dialysis, the suspension was sonicated for 20 min. The suspensions of TEMPO-CNC were then centrifuged at 6500 rpm for 10 min. After centrifugation the supernatant was collected and the carboxyl content was determined by conductometric titration.
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TEMPO-CNC carboxyl content
First, the TEMPO-CNC suspensions were protonated by adding appropriate volumes of 1 M HCl such that that the final HCl concentration was 0·1 M while stirring (15 min). After protonation the suspensions were dialysed against MQ water to remove excess protons. The dry content of TEMPO-CNC suspensions was determined by drying the suspension in an oven at 105°C for 2 h. The carboxyl content of TEMPO-CNCs was determined by conductometric titration (SCAN-CM 65·02) with a conductometric titrator 751 GPD titrino (Mertohm AG, Herisau, Switzerland) using a standard protocol. 24 
Apparent hydrodynamic size of TEMPO-CNCs
The apparent hydrodynamic size of TEMPO-CNCs was measured by DLS using a Zetasizer Nano90 Instrument (Malvern Instruments, Worcestershire, UK). First, 0·1% w/v suspensions of TEMPOCNCs were sonicated for 30 min. Immediately after sonication, the suspension was diluted (1:20 v/v) in a cuvette and thereafter the hydrodynamic size was monitored over a period of 3 h. These measurements provided information about the stability of TEMPOCNCs towards aggregation, which is of significance to the possible changes in the total surface area available during AgNP synthesis (and as a consequence, the AgNP size distribution).
Synthesis of AgNPs
Synthesis of AgNPs was carried out as previously reported. 24 Briefly 2 ml of TEMPO-CNC suspension was taken in a screw-cap tube and sonicated for 15 min. The temperature of the sonication bath was maintained at 25°C by adding ice. To the suspension, 200 µL of 10 mM aqueous AgNO3 solution was added and mixed mechanically, followed by the addition of freshly prepared 2 ml, 20 mM aqueous NaBH 4 solution and mechanically mixed using an orbital vortex shaker for 30 s, aged overnight in a dark place at room temperature. After 24-h ageing the resulting suspensions containing a mixture of AgNPs and TEMPO-CNCs were used for recording UV-vis spectra and TEM.
UV-vis absorption spectroscopy
UV-vis absorption spectra of the samples obtained from the procedure described above were recorded using Shimadzu UV-2550 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The suspension was diluted (1:6) with MQ water prior to UV-vis absorption measurement. Apart from the spectra of samples obtained from 24-h ageing, kinetics of AgNP formation was also followed by the absorption maxima (abs MAX ) of the plasmon peak as a function of time. Aqueous AgNO3 solution (500 µl, 10 mM) was added to 3 ml TEMPO-CNC (0·1% w/v) suspension and mixed. To the resulting suspension, 0·5 ml (20 mM) freshly prepared aqueous NaBH 4 was added and mixed. The absorption spectra were recorded from the time point when NaBH 4 was added. The spectra were recorded every minute in the interval of 5-15 min and once every five minutes in the interval of 15-60 min after NaBH 4 addition. A plot of abs MAX against time was found useful to follow the kinetics of nucleation of AgNPs. 6 All UV-vis spectra and kinetic plots presented here are representative data from at least duplicate measurements from batches of the same sample type synthesised separately.
Atomic force microscopy (AFM)
Various TEMPO-CNCs were visualised using an AFM, Nanoscope IIIa Multimode scanning probe microscope from Digital Instruments Inc. (Santa Barbara, CA, USA). All images (scan size 5 × 5 µm 2 ) were scanned using tapping mode in air with silicon cantilevers. The recorded images were flattened and the height scale was adjusted using NanoScope analysis 1.2 software (Bruker AFM Probes, Camarillo, CA). Silicon wafers were used as substrates to adsorb the TEMPO-CNCs. Briefly, silicon wafer was washed with acetone followed by treatment with UV ozone for 5 min. Subsequently polyethylenimine (PEI) was adsorbed for 5 min and then washed with MQ water and dried using nitrogen. The TEMPO-CNC suspensions were then adsorbed on silicon wafer for 5-20 min depending on the need for significant adsorption and dried with nitrogen followed by overnight standing at room temperature.
Transmission electron microscopy (TEM)
TEM was done as previously published. 24 Sample preparation was done by pipetting 10 µl suspension containing AgNP and TEMPO-CNC dispersion (after 24-h ageing as described above) onto carbon grids, followed by removal of excess liquid using the edge of a Whatman filter paper after incubation for 1 min and followed by air drying. Bright-field TEM images were recorded using a FEI Tecnai T12 microscope (Eindhoven, Netherlands) operating at 120 kV. Histograms of size distribution of AgNPs from each sample type were plotted based on diameters of at least 100 particles.
Results

TEMPO-oxidised CNCs
The carboxyl contents of the TEMPO-CNCs are presented in Figure 1(a) . The carboxyl content of the CNCs upon oxidation increases with the concentration of NaClO used. Despite the expected dependence of the CNC hydrodynamic size with surface charge density 24 T 0 presented similar hydrodynamic size as that of T 1 and T 2 , both of which contained large amounts of carboxyl groups. This could be due to the fact that TEMPO oxidation also causes depolymerisation of whiskers of T 0 , which compensates for the charge-dependent increase in hydrodynamic size and thus overall the TEMPO-oxidised CNCs have similar hydrodynamic size as T 0 . In case of H 2 SO 4 -hydrolysed CNCs, a 1·4-fold increase in charge resulted in halving of the hydrodynamic size. 24 This is in contrast to the present HCl-hydrolysed CNCs since a three-fold increase in charge resulted in a mere 1·1 times increase in size (Figure 1 ). Hence it is tempting to conclude that in the case of HCl-hydrolysed CNCs it is relatively easier to change the surface charge density without significantly affecting the hydrodynamic size and aggregation behaviour of the nanocrystals. Also, for a given TEMPO-CNC type there was no significant difference in hydrodynamic size measured after 1 min or 3-h oxidation time. There were no obvious morphological differences between the various TEMPO-oxidised CNCs whose carboxyl contents increased from sample T 1 to T 3 (see AFM images of TEMPO-CNCs in Figure 2 ). The starting nanocrystals before TEMPO oxidation appear to be longer than the TEMPO-oxidised ones, probably as a result of additional hydrolysis during oxidation. It is worth mentioning that in order to achieve moderate coverage the incubation times for adsorbing various TEMPO-CNCs on PEI-coated silicon wafers were varied between 5 and 20 min (note the variations in the coverage of CNCs observed in Figure 2 ). Thus at least in this case the coverage cannot be correlated with the carboxyl contents of TEMPO-CNCs.
AgNP synthesis mediated by TEMPO-CNCs and effects on NP size distribution
TEM was used to ascertain the size distribution of AgNPs synthesised in the presence of different wt% of TEMPO-CNCs with varying carboxyl contents. The TEM images are presented in Figure 3 and corresponding histograms included in Figure 4 . For a given type of TEMPO-CNC, the number density of the (h), T 2 0·001% (i); T 3 0·1% (j), T 3 0·01% (k), T 3 0·001% (l). Scale bar in all images is -50 nm
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small AgNPs increased with the CNC wt%. This can be clearly observed both from the TEM images and also the histograms. More importantly, with increasing carboxyl content, an increased ability of TEMPO-CNCs to increase the number percentage of the small NP fraction was observed (note the significant increment in the number percentage of particles in the size range of 1-5 nm for T 0 < T 1 < T 2 < T 3 ). The number percentage increment could be due to steric hindrance caused by the nanocrystals or due to a better nucleation control.
UV-vis absorption of AgNPs synthesised in the presence of TEMPO-CNCs
UV-vis spectra of AgNPs synthesised in the presence of varying wt% of TEMPO-CNCs (T 0 , T 1 T 2 and T 3 ) after 24-h ageing are presented in Figure 5 . The absorption signal intensity in the wavelength region in the range of 500-700 nm is inversely related to the wt% of TEMPO-CNCs used. This difference between the various wt% for a given TEMPO-CNC type becomes less pronounced as one compares the results of T 0 shown in Figure 5 (a) and T 1 ( Figure 5 (b)), T 2 ( Figure 5 (c)) and T 3 ( Figure 5(d) ). This clearly indicates that the increased carboxyl content on CNCs enhances their ability to stabilise AgNPs, thereby diminishing the extent of aggregation. This conclusion based on the relative intensity at high wavelengths is in agreement with the TEM results for size distribution. Interestingly, for each TEMPO-CNC type, the intensity of the plasmon peak increased with the wt% of TEMPOCNCs used. It is known that the area under an absorption peak of AgNPs is related to the sixth power of the radius of the NPs. 27 The most likely explanation for the increased intensity despite the diminished particle size (from less NP aggregation) is the large increase in the number of small NPs. It is worth reiterating that the number percentage of smaller particles for a given wt% increased significantly from T 0 < T 1 < T 2 < T 3 , as observed in the histograms of Figure 4 . This clearly demonstrates the increase in the carboxyl content of CNCs enhances the ability to sterically hinder AgNP aggregation during the 24-h ageing period. Thus, a large number of the initially formed, small NPs remain stabilised and hence the high plasmon peak intensity. In contrast, the weakly interacting CNCs carrying a small number of carboxyl groups favour further NP growth into large aggregates. The increased number percentage of small AgNPs produced in the presence of polymers is not uncommon in the literature. Apart from steric hindrance, the control of nucleation by certain polymers has also been reported to be responsible for the increase in number percentage of small particles. Polymers such as polyvinylpyrrolidone, poly(N-isopropylacrylamide) and CNCs produced by sulfuric acid hydrolysis (H 2 SO 4 -CNC) have been reported to increase the number of AgNPs with increasing concentration of polymer, due to their nucleation controlling ability. 24, 27, 28 By measuring the rate of nucleation of monomeric Ag particles in the initial few tens of min it is possible to determine if an added polymer acts as a nucleation controller or not. 6 Overall, a superior ability of TEMPO-CNCs to alter the size distribution of AgNPs was observed.
Rate of nucleation of AgNPs
As borohydride is added to Ag ions, within few seconds, monomeric Ag particles are formed that do not have any plasmonic absorption in the 370-400 nm wavelength region. Only later, during the coalescence of monomeric particles into AgNPs, the surface plasmon-based light absorption in the 370-400 nm wavelength region becomes evident. Thus the rate of increase in the intensity at λ MAX of plasmon peak is in fact the rate at which the AgNPs are formed due to the nucleation of monomeric Ag particles. 6 The kinetics of AgNP nucleation or in other words the rate of change of intensities of plasmon peaks during the Ag ion reduction carried out in the presence of various wt% of TEMPO-CNCs are presented in Figure 6 . In cases of T 1 , T 2 and T 3 , it is very clear that there is a decrease in the maximum rate of intensity attained upon increase in wt% of CNCs (Figures 6(b) , 6(c) and 6(d), respectively). Additionally, for a given TEMPO-CNC wt%, for example, 0·1% or 0·01%, the initial raise in intensity in the time interval of 5-10 min drops significantly as one moves from T 1 to T 2 to T 3 . Hence it is clear that the rate of AgNP nucleation is inversely related to the carboxyl content of CNCs. This proves beyond doubt that the TEMPO-CNCs control the size distribution of AgNPs through steric hindrance rather than nucleation controlling mechanism. The nanocrystals used in T 0 show a trend opposite to that exhibited by TEMPO-CNCs as seen from Figure 6 (a). The rate of nucleation is highest for 0·1 wt% while that for 0·01% and 0·001% was lower. This trend held well for up to about 30 min, which was very similar to the trends observed with H 2 SO 4 -CNCs reported earlier. 24 Just like H 2 SO 4 -CNCs, the nanocrystals of T 0 also seem to possess the ability to act as nucleation controller.
Discussion
The rate of AgNP nucleation increases with decrease in surface concentration of anionic groups, and therefore it is hydroxylbased interactions rather than electrostatic effects from the carboxyl groups that dominate the nucleation phase during the AgNP synthesis. With increasing anionic charge the extent of AgNP aggregation decreased, the presence of carboxyl on CNCs improved their ability to stabilise AgNPs thereby dominating the growth phase during the AgNP synthesis. It is known that AgNPs eventually lose their surface negative charge due to complete depletion of surface-adsorbed borohydride ions and yet they were found to be stable in the presence of both H 2 SO 4 -CNCs and TEMPO-CNCs. This observation suggests that the stabilising ability may not be based on columbic interactions; instead, it could be based on coordinate covalent-type interactions between carboxyl or sulfate and surface of metal NPs. Ag ion-cellulose and AgNP-cellulose interactions are two crucial interactions that may qualitatively and quantitatively control nucleation and growth during the synthesis process. The surface of anionic cellulose plays two important roles, namely nucleation control and NP stabilisation. In the case of TEMPO-CNCs, the carboxyl groups indirectly affected the nucleation process, besides stabilising the NPs. Rigid rod-like morphology of TEMPO-CNCs would enable them to wrap around the AgNPs to a lesser extent when compared to flexible polymeric chains or small surfactant molecules used in the conventional synthesis routes. This weak reversible interaction between the TEMPO-CNCs and AgNPs is expected to improve the ease with which the AgNPs can be separated from the stabiliser for further application of synthesised AgNPs. In future the authors intend to explore the separation of TEMPO-CNCs from AgNPs followed by recycling the TEMPO-CNCs as mediators of AgNP synthesis, thus making this route a sustainable one. One way to achieve separation would be to introduce steric stability to AgNPs after the synthesis step, followed by increase in ionic strength of the medium which would result in the aggregation of electrostatically stabilised TEMPO-CNCs leaving behind the sterically stabilised AgNPs. More detailed studies are needed to shed light on the exact nature of interactions between Ag ions or AgNPs with the surface of cellulosic materials. An in-depth understanding of related phenomena will extend the use of CNCs as mediators for the synthesis of other metallic NPs.
Conclusions
Silver nanoparticles (AgNPs) were synthesised by borohydride reduction in the presence of TEMPO-CNCs. TEMPO-CNCs with varying carboxyl contents were prepared by varying the amount of NaClO added during the oxidation procedure. The TEMPO oxidation was found to be an effective route to significantly vary the surface charge of CNCs without aggregation. The effect of carboxyl concentration on the ability of TEMPO-CNCs to alter the rate of nucleation and size distribution of AgNPs was investigated. The carboxyl content of TEMPO-CNCs correlated with the size distribution of AgNPs formed and an increase in the carboxyl content enhanced the ability of CNCs to stabilise the NPs, also significantly increased the number percentage of smaller AgNPs. The extent of aggregation was found to be diminished to a greater extent with increasing carboxyl content of CNCs. The rate of AgNP nucleation was inversely related to both the wt% of TEMPO-CNCs and also the carboxyl content, thus indicating that TEMPO-CNCs do not act as nucleation controllers but instead alter the size distribution of AgNPs during synthesis through steric hindrance. Hence, it can be suggested that the carboxyl content does not directly influence the nucleation step during the AgNP synthesis but drastically increases the ability of CNCs to interact and stabilise the NPs during the growth step.
